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Abstract 



We present a measurement of the mass of the W boson using data collected 
with the CDF detector during the 1992-93 collider run at the Fermilab Tevatron. 
A fit to the transverse mass spectrum of a sample of 3268 W — > [iv events 
recorded in an integrated luminosity of 19.7 pb _1 gives a mass M w = 80.310 ± 
0.205 (stat.) ± 0.130 (syst.) GeV/c . A fit to the transverse mass spectrum of 
a sample of 5718 W — > ev events recorded in 18.2 pb _1 gives a mass M w = 
80.490±0.145 (stat. )±0. 175 (syst.) GeV/c 2 . Combining the electron and muon 
results, accounting for correlated uncertainties, yields a mass Mw = 80.410 ± 
0.180 GeV/c 2 . 

PACS numbers: 13.38R, 12.15C, 14.80E 

The relations between gauge boson masses and the couplings of gauge bosons 
allow incisive tests of the standard model of the electroweak interactions [1]. The 
relationships are precisely specified at Born level; higher-order radiative corrections, 
which are sensitive to the top quark mass, M top , and the Higgs boson mass, -Mmggs, 
have also been calculated [2]. Measurements of the properties of the Z boson, as well 
as measurements in atomic transitions, muon decay, and deep-inelastic scattering, 
tightly constrain the relationship between allowed values of the W mass, Mw, and 
M top [3]. Precise measurements of Mw and M top , if inconsistent with the allowed 
range of predictions, could indicate the existence of new phenomena at or above the 
electroweak scale. Alternatively, within the confines of the standard model, such 
measurements predict -Mmggs • The measurement of the W mass is unique among 
electroweak measurements in its sensitivity to charged currents at large momentum 
transfer. 

This paper summarizes [4] a measurement of the W mass using W — > \lv 
and W — > ev decays observed in antiproton-proton (pp) collisions produced at the 
Fermilab Tevatron with a center-of-mass energy of 1800 GeV. The results are from 
a data sample with an integrated luminosity of 19.7 pb -1 , collected by the Collider 
Detector at Fermilab (CDF) during the period from August 1992 to May 1993 [5]. 

The CDF [6] is an azimuthally and forward-backward symmetric magnetic de- 
tector designed to study pp collisions at the Tevatron. We briefly describe here those 
aspects of the detector relevant to this analysis. The magnetic spectrometer consists 
of tracking devices inside a 3-m diameter, 5-m long superconducting solenoidal mag- 
net which operates at 1.4 T. A four-layer silicon microstrip vertex detector (SVX) [7], 
located directly outside the beryllium beampipe, is used to provide a precision mea- 
surement of the beam axis. Outside the SVX is a set of vertex time projection cham- 
bers (VTX), which provides r-z [8] tracking, used to find the z position of the pp 
interaction (event vertex). Outside the VTX is the central tracking chamber (CTC), 
a 3.2-m long drift chamber used to measure the momentum of muons and electrons 
with up to 84 position measurements per track. The calorimeter is divided into 
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a central barrel (\r]\ < 1.1), end-plugs (1.1 < \r)\ < 2.4), which form the pole pieces 
for the solenoidal magnet, and forward/backward modules (2.4 < \r)\ < 4.2). The 
calorimeters are constructed as projective electromagnetic and hadronic towers [6]. 
The towers subtend approximately 0.1 in rj by 15° in (j) (central) or 5° in (j) (plug 
and forward). The energies of electrons are measured in the central electromagnetic 
calorimeter (CEM). Muons are identified with the central muon chambers (CMU), 
situated outside the calorimeters in the region \r)\ < 0.6. 

This analysis uses the two-body decays W — > \lv and W — > ev. Since the 
apparatus cannot detect the neutrino or measure the longitudinal component of the 
W momentum, there is insufficient information to reconstruct the invariant mass of 
the W . However, we can infer one additional kinematic quantity, the transverse com- 
ponent of the neutrino momentum, from a measurement of the transverse momentum 
imbalance in the calorimeters. For each event we have enough information to con- 
struct the transverse mass, M T = ((E T + E T f - (E T + E^) 2 ) 1 / 2 , where is the 
transverse energy [8] of the charged lepton (electron or muon), and E^ is the trans- 
verse energy of the neutrino. The measurement of Mw is obtained from a detailed 
analysis of the Jacobian lineshape of the transverse mass distribution. 

The transverse energy of the neutrino is calculated using the charged lepton 
energy or momentum and the net transverse energy of all other particles (the "recoil"), 
E T = -(E l T + u). The recoil u is calculated as 

u= £ ^ tower (fi • f ) f , (i) 

towers 

where the sum is over both electromagnetic and hadronic calorimeter towers, E^ oweT 
is the energy measured in the tower, n is the unit vector pointing in the direction of 
the center of the tower from the event vertex, and f is the unit vector in the radial 
direction [8]. The sum is carried out for towers in the region \r)\ < 3.6. Towers in 
proximity to the charged lepton are excluded from this sum; 30 MeV per excluded 
tower is added back in to account for average energy flow unrelated to the lepton [4] . 

The event selection is intended to produce a sample of W bosons with low 
background and well-understood lepton and neutrino kinematics. Electrons are re- 
quired to be within a restricted fiducial region of the CEM and have E T > 25 GeV [4]. 
Muons are required to be within the fiducial region of the CMU and to have p T > 25 
GeV/c. Neutrinos are required to have E T > 25 GeV. In addition we require |u| < 20 
GeV, no jet [9] with Et > 30 GeV, and no tracks with px > 10 GeV/c other than that 
of the charged lepton. Events consistent with cosmic rays or Z — > 11 are removed. 
The lepton track is required to come from an event vertex located within 60 cm of 
the detector center along the z axis. The W — > \lv sample consists of 3268 events 
with transverse masses in the range 65 < Mt < 100 GeV/c 2 ; the W — > ev sample 
consists of 5718 events in the same Mt range. 

We estimate the background from the process W — > tu — > Ivvv to be 0.8% of 
the W — > ev and W — > fiv samples. Events from Z — > 11 where one lepton is lost 
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Resonance 


Measured Mass 


World- Average Mass 






(MeV/c 2 ) 


(MeV/c 2 ) 


T(1S) 


-> /x/x 


9460 ± 2 ± 6 


9460.4 ± 0.2 


T(2S) 


-> /x/x 


10029 ± 5 ± 6 


10023.3 ±0.3 


T(3S) 


-> /x/x 


10334 ± 8 ± 6 


10355.3 ±0.5 


Z -> 


/x/x 


91020 ±210 ±55 


91187 ± 7 


Z -> 


ee 


90880 ± 185 ± 200 


91187 ± 7 



Table 1: Measured masses (after scale calibrations) of the T — > /x/x, Z — > /x/x, and 
Z — > ee resonances, compared to published values [10]. The first uncertainty is sta- 
tistical and the second is systematic. 

make up 0.1% of the W — > ev sample, and (3.6 ± 0.5)% of the W — > \lv sample. 
Backgrounds from W — > ri/ — > h ± X, where /i is a single charged hadron, Z — > rr, 
VFVF and production, and cosmic rays are estimated to be small [4]. 

The momentum scale and resolution of the tracking system and the energy 
scale and resolution of the CEM are measured from the data. The CTC is aligned by 
requiring that the ratio of calorimeter energy to track momentum, E/p, be charge- 
independent for high-px electrons. The momentum scale is determined from a sample 
of ~ 60,000 J /ij) decays (see Figure la), which are also used to limit systematic effects 
on the scale such as non-linearities and geometric variations. We find that the nominal 
scale should be corrected down by a factor of 0.99984 ± 0.00058 [4] for the J /ij) mass 
to agree with the world average value, Mj^ = 3096.88 ± 0.04 MeV/c 2 [10]. The 
scale is verified by measuring the Z and T masses (see Table 1). The uncertainty 
in the momentum scale, including the extrapolation from Mj/^ to Mw, contributes 
an uncertainty of 50 MeV/c 2 on Mw (see Table 2). The momentum resolution is 
determined from the width of the mass peak in a sample of 330 Z — > /x/x events (see 
Figure lb) to be Sp T /p 2 T = 0.000810 ± 0.000085(stat.) ± 0.000010(syst.) (GeV/c)" 1 , 
and contributes 60 MeV/c 2 to the uncertainty on Mw 

The CEM tower responses are equalized using E/p for electrons in a sample 
of ~ 140,000 events with Ej > 9 GeV. The absolute CEM energy scale is transferred 
from the CTC momentum scale using E/p for electrons in the W — > ev sample (see 
Figure lc). This procedure contributes an additional 110 MeV/c 2 scale uncertainty 
on Mw for the W — > ev channel, of which (see Table 2) 65 MeV/c 2 is statistical, 

and 90 MeV/c 2 is systematic [4]. The energy resolution is ( s -§) 2 = ( ( 13 - 5 ^| e1/ ^ f + 
((1.0 ± 1.0)%) 2 , where the first term is measured with an electron testbeam [11], and 
the second term is determined from a sample of 259 Z — > ee decays (see Figure Id). 
The uncertainty in the energy resolution contributes 80 MeV/c 2 to the uncertainty 
on Mw The width of the E/p distribution for the W — > ev sample is described well 
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by the measured resolutions in E and p. The reconstructed mass in Z — > ee decays 
is also used as a check on the CEM energy scale, as shown in Table 1. 

The detector response to the recoil |u| is directly calibrated using Z — > ee 
decays, for which there is a good measurement of the true pf from the measured 
electron energies. The Z — > ee event sample is used as a table from which one can 
look up the measured response |u| for a given pf. We assume that the response to 
the recoil from a W of a given px is the same as that to the recoil from a Z of the 
same px. 

Lineshapes in transverse mass corresponding to different W masses are simu- 
lated with a leading-order (i.e. p^=0) W Monte Carlo using the MRS D'_ parton dis- 
tribution functions [12]. The lineshapes include contributions from backgrounds [13]. 
To model the lineshape accurately, we need to incorporate a p^ spectrum in the 
simulation. The similarity of the px spectra of W and Z bosons observed in direct 
measurements [14] and in theoretical predictions [15] leads us to use the observed 
Z — > ee px spectrum, corrected for electron energy resolutions, as an initial guess 
for the p^ spectrum. We modify the shape of this spectrum in order to match the 
observed u± distribution for the W events, where u± is the component of the recoil 
perpendicular to the direction of the charged lepton. We find that the simplest mod- 
ification, scaling px in the pf distribution by a constant factor, gives good agreement 
for both electron and muon u± distributions. We consider other modifications to the 
shape in estimating systematic errors; the uncertainty on Mw due to the modelling 
of the p^ spectrum is 45 MeV/c 2 [4]. 

Transverse mass spectra are generated for a range of W masses, at 100 MeV/c 2 
intervals for W — > ei>, and 150 MeV/c 2 intervals for W — > \lv [4]. The value of the W 
width used is rV=2.064 GeV [16]. At each mass point, an unbinned log-likelihood is 
calculated for the hypothesis that the data are consistent with that mass. The log- 
likelihood values fit well to a parabola. The transverse mass spectra and the Monte 
Carlo lineshapes corresponding to the best fit mass are shown in Figure 2. We add 
168 ± 20 MeV/c 2 and 65 ± 20 MeV/c 2 to the fitted masses in the muon and electron 
channels, respectively [4], to account for the effects of radiative W decay [17]. 

The value of the W mass extracted from the W — > \lv data is M w = 80.310 ± 
0.205 (stat.) ± 0.130 (syst.) GeV/c 2 . The mass from the W -> ev data is M w = 
80.490 ± 0.145 (stat.) ± 0.175 (syst.) GeV/c 2 . Accounting for correlations in the 
uncertainties, the combined data yield Mw = 80.410 ± 0.180 GeV/c 2 . Fits with the 
W width unconstrained yield consistent results [4]. 

The measurement uncertainties are summarized in Table 2. The largest sys- 
tematic uncertainties, beyond those of the momentum and energy scales described 
above, are due to the limitations on determining the electron energy and muon mo- 
mentum resolutions, the W transverse and longitudinal production distributions, and 
the detector response to the recoil. Varying the parton distribution functions of the 
proton varies the distribution of the W longitudinal momentum, and, through accep- 
tance effects, the lineshape of the transverse mass spectrum, leading to an uncertainty 



7 



Uncertainty 


(MeV/c 2 ) 


am; 

(MeV/c 2 ) 


Common 
(MeV/c 2 ) 


I. Statistical 


145 


205 




II. Energy Scale 


120 


50 


50 


1. Scale from J /ij) 

2. CTC Alignment 

3. Calorimeter 

a. Stat, on E/p 

b. Syst. on E/p 


50 
15 
110 

65 
90 


50 
15 


50 
15 


III. Other Systematics 


130 


120 


90 


1. e or fi resolution 

2. Input 

3. Recoil modeling 

4. Parton distribution functions 

5. e or fi ID and removal 

6. Trigger bias 

7. Radiative corrections 

8. W width 

9. Higher-order corrections 

10. Backgrounds 

11. Fitting 


80 
45 
60 
50 
25 

20 
20 
20 
10 
10 


60 
45 
60 
50 
10 
25 
20 
20 
20 
25 
10 


25 
60 
50 
5 

20 
20 
20 


TOTAL UNCERTAINTY 


230 


240 


100 



Table 2: Summary of uncertainties in the W mass measurement. 
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on Mw We use a measurement of the forward-backward charge asymmetry in W 
decays [18] to set a limit on this effect. Other sources of systematic uncertainty, 
each contributing 25 MeV/c 2 or less, are lepton identification (ID) and separation of 
the lepton energy deposit from the recoil energy sum (see Equation 1), trigger bias, 
radiative corrections, the W width, higher-order QCD corrections to W production, 
backgrounds, and the fitting procedure. For the purpose of combining the W — > ev 
and W — > \lv measurements, we also list in Table 2 those components of the uncer- 
tainties common to the two channels. Details on the methods used to determine the 
systematics, and the checks on the methods used, are given in Reference 4. 

This measurement of the W boson mass has an uncertainty half that of the 
best previously published measurements [19, 20]. Figure 3 shows the sensitivity in 
the M w -M top plane of this result, M w = 80.410±0.180 GeV/c 2 , when combined with 
the value M top = 176 ± 13 GeV/c 2 [21], compared to theoretical predictions based on 
electroweak radiative corrections [22]. 

We thank the Fermilab staff and the technical staffs of the participating in- 
stitutions for their contributions. This work was supported by the U.S. Department 
of Energy and National Science Foundation; the Italian Istituto Nazionale di Fisica 
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ences and Engineering Research Council of Canada; the A. P. Sloan Foundation; and 
the Grainger Foundation. 
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Figure 1: a) The dimuon mass spectrum near the J/^A mass peak, used to normalize 
the momentum scale, b) The dimuon mass spectrum near the Z mass peak, used 
to determine the momentum resolution, c) The E/p spectrum for electrons from 
the W — > ev sample, used to determine the energy scale, d) The dielectron mass 
spectrum near the Z mass peak, used to determine the energy resolution. The solid 
line in (a) and the histograms in (b), (c), and (d) are Monte Carlo simulations, 
including radiative effects. 
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Figure 2: Transverse mass spectra for a) W — > /if decays and b) W — > ei/ decays. The 
histograms are from the simulation using the respective best-fit mass. The arrows 
delimit the region used in the mass fit. 
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Figure 3: The data point represents this measurement of Mw and the CDF mea- 
surement of the top quark mass of M top =176±13 GeV/c 2 [21]. The curves are from 
a calculation [22] of the dependence of Mw on M top in the minimal standard model 
using several Higgs masses. The bands are the uncertainties obtained by folding in 
quadrature uncertainties on ct(M|), Mz, and a s (M^). 
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